The genetic era has revolutionized our perception of biological invasions. Yet, it is usually too late to understand their genesis for efficient management. Here, we take the rare opportunity to reconstruct the scenario of an uprising invasion of the famous water frogs (Pelophylax) in southern France, through a fine-scale genetic survey. We identified three different taxa over less than 200 km 2 : the autochthonous P. perezi, along with the alien P. ridibundus and P. kurtmuelleri, which have suddenly become invasive. As a consequence, the latter hybridizes and may now form a novel hybridogenetic complex with P. perezi, which could actively promote its replacement. This exceptional situation makes a textbook application of genetics to early-detect, monitor and understand the onset of biological invasions before they pose a continental-wide threat. It further emphasizes the alarming rate of amphibian translocations, both at global and local scales, as well as the outstanding invasive potential of Pelophylax aliens.
with catastrophic effects on local fauna such as predation, competition, as well as genetic introgression and/or hybridogenetic replacement of native water frogs 19, 26, 27 . Importantly, the ability of genome exclusion seems to vary geographically, depending on the hybridogenetic system from which the invaders is derived 16 , thus prompting for knowledge regarding the nature and origins of Pelophylax introductions. A major management issue is that morphological determination of these species is highly challenging [28] [29] [30] , and becomes even more confusing with the cryptic occurrence of exotic lineages throughout Western Europe.
One of the few Western European regions that has remained nearly free of water frogs is the Larzac plateau in southern France. Surveys from the 1970s did not mention water frogs in this region 31 and more recent monitoring reported only scarce records at the early 2000s (MD, pers. obs.), despite widespread suitable breeding sites and close proximity from known lowland populations (refs 21, 32 ~15 km southeast and east of Larzac). Interestingly, the situation radically changed in the recent years: water frogs are currently massively expanding and have colonized most of the southern Larzac (MD, pers. obs.).
This situation provides a unique opportunity to characterize a new invasion of Pelophylax frogs in statu nascendi. To this end, we conducted a multilocus genetic survey in order to (1) determine the nature of expanding populations, (2) reconstruct the scenario of invasion, (3) get insights into the hybridization potential of the lineages involved and (4) assess the utility of morphological determination methods. We show that our study area is being invaded by three lineages simultaneously (undistinguishable by morphology), two of them potentially forming a new hybridogenetic complex. This exceptional pattern provides a textbook application of genetic methods for understanding the onset of biological invasions and guide their management, and further emphasizes the alarming rate and invasive potential of Pelophylax aliens.
Results
Molecular polymorphism. Our data combined mitochondrial cyt-b sequences and nuclear microsatellite genotypes (see Methods). We could include a total of 84 mitochondrial cyt-b haplotypes from the study area and other European Pelophylax, over 975 bp aligned (309 polymorphic sites, 261 of which are parsimony-informative). Microsatellite diversity ranged from 5 to 21 alleles (average: 12.5). Null alleles were detected for some loci/ populations ( Supplementary Table 1 ) and recoded as missing data. Locus Rica5 featured a strong proportion of null alleles (>0.8 in some populations) and was therefore not included in population-based analyses (which relies on estimation of heterozygosity).
MtDNA analyses.
We identified three different mitochondrial lineages throughout the study area in southern France, belonging to three known Pelophylax monophyletic taxa ( Fig. 1 ): the Perez's frog (P. perezi), the marsh frog (P. ridibundus), and the Balkan frog (P. kurtmuelleri), with strong geographic association ( Fig. 2A ). Samples collected prior to the observed expansion (2006-2007) already featured all three mitotypes (P. perezi in loc. [14] [15] 19 ; P. ridibundus in loc. 1, 7 and 10; P. kurtmuelleri in loc. [19] [20] . Analyses with restricted sequence length (514 bp), but enabling comparisons with published sequences of P. ridibundus, P. kurtmuelleri and P. cf. bedriagae from all over their ranges allowed to fully confirm the identification of Larzac's haplotypes (Supplementary Figure 1) .
MtDNA diversity in the study area was higher for the P. perezi lineage (10 haplotypes out of 27 samples; Supplementary Table 2 ) than the two others (P. ridibundus: 4 haplotypes out of 42 samples; P. kurtmuelleri: 2 haplotypes out of 19 samples; Supplementary Table 2 ).
Nuclear DNA analyses. The microsatellite data recovered a strong genetic structure corresponding to the three mtDNA lineages, as shown by the STRUCTURE analysis (when K = 3, Fig. 2B and C) and the PCA on individual genotypes ( Fig. 3 ). Three STRUCTURE clusters (K = 3) is the solution recommended by the Pr(X│K) statistic, which only marginally increased for higher Ks (with stronger variance among and between runs, Supplementary Figure 2 ). Although substantial for K = 3, the ΔK statistic is the highest for K = 2, which groups P. perezi with P. kurtmuelleri along an otherwise similar picture (Supplementary Figure 2) .
Although most individuals have matching nuclear and mitochondrial ancestries ( Fig. 2C ), we highlighted some interesting exceptions. First, several populations feature multiple cyto-nuclear discordances, i.e. nuclearly assigned to one cluster but carrying the mtDNA of another (e.g. loc. 23, 26, 28: P. kurtmuelleri individuals with P. perezi or P. ridibundus mtDNA). Second, some individuals had intermediate STRUCTURE admixture proportions consistent with hybridization (between P. perezi and P. kurtmuelleri in loc. 1 and 28, potentially representing a new hybridogenetic taxon, see Discussion; between P. kurtmuelleri and P. ridibundus in loc. 1-2, 4-5 and 8).
Population-based analyses suggested lesser nuclear differentiation between P. ridibundus and P. kurtmuelleri populations (average F st = 0.26) than compared to P. perezi (average F st with P. ridibundus = 0.52; average F st with P. kurtmuelleri = 0.42). Genetic structure within P. ridibundus populations was low (average F st = 0.05), and more pronounced within P. perezi (F st = 0.11) and P. kurtmuelleri (average F st = 0.11) (Supplementary Table 3 ). In contrast with mtDNA, microsatellite heterozygosity was higher for P. ridibundus and P. kurtmuelleri than P. perezi (Supplementary Table 2 ). It was overall similar among the populations within species (P. perezi, H o = 0.25-0.25; P. ridibundus, H o = 0.49-0.59; P. kurtmuelleri: H o = 0.57-0.68, Supplementary Table 1 ).
Morphometric analyses.
Seventy-four frogs from the study area were suitable for the morphometric analyses (17 P. perezi, 38 P. ridibundus and 19 P. kurtmuelleri; see Methods), in addition to the two P. perezi × P. kurtmuelleri hybrids. The PCA on morphometrics separated the three ratios relative to the length of the metatarsal tubercle (LMT, first axis) from the one relative to its height (HMT, second axis) (Supplementary Figure 3A) . Overall, morphometrics of the three species strongly overlap on the PCA, although some P. ridibundus individuals slightly depart from the other species, especially P. kurtmuelleri. Accordingly, three out of four ratios Scientific REPORTS | 7: 6506 | DOI:10.1038/s41598-017-06655-5 significantly differ between P. ridibundus and P. kurtmuelleri, but none between P. kurtmuelleri and P. perezi (Tuckey's HSD tests, Supplementary Figure 3B ).
Discussion
Our study allowed to accurately reconstruct an uprising invasion of the notorious Pelophylax water frogs over a fine-scale spatiotemporal framework, informing on several crucial aspects regarding the invasive amphibians' issues. We show that this invasion involves multiple taxa, indicative of a myriad of independent introductions at narrow geographic and time scales. Importantly, it may induce a new hybridogenetic complex that, if not contained, could represent a serious threat to the native water frog species occurring in this part of Europe.
Multiple Pelophylax invasions in southern France. Our study identified three distinct Pelophylax species in Larzac, an area nearly-free of water frogs a decade ago, as well as the nearby lowlands. These include the Balkan's frog (P. kurtmuelleri), native from Greece and Albania; its sister species the Eurasian marsh frog (P. ridibundus), widely distributed throughout Eastern and Central Europe; and the Perez's frog (P. perezi), which inhabits Spain, Portugal and southern France. Their presence is demonstrated by unequivocal mitochondrial evidence, further supported by reciprocal nuclear clustering of microsatellite genotypes. Importantly, whereas previous genetic analyses could not reliably discriminate between P. ridibundus and P. kurtmuelleri 33 that the mitochondrial marker cyt-b is powerful enough to distinguish both taxa in monophyletic clades, even when accounting for their strong intraspecific diversity ( Fig. 1, Supplementary Figure 1 ). However, none of the three species detected in Larzac could be discriminated by classic morphological criteria.
Being naturally distributed in eastern parts of Europe, P. ridibundus and P. kurtmuelleri are clearly exotic in southern France. These taxa are known European invaders, originating from uncontrolled releases, linked in some cases with the frog-leg industry (P. ridibundus). Given previous records that showed no water frogs over Larzac in the 1970s 31 (although one of our locality, loc. 19, was not surveyed), both species were probably first introduced between ten and forty years ago in Larzac, and expanded throughout the plateau in recent years (this study). The current geographic pattern suggests that several independent introduction events contributed to the presence of P. ridibundus in the west and of P. kurtmuelleri in the east of the study area. Releases were probably numerous and of various origins: several haplotypes were sampled for each species, and different mitochondrial/ nuclear lineages co-occur in both areas. This is exacerbated in the west (loc. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , where multiple introduction events have been reported by locals (from Lake Salagou and potentially other areas, MD pers. com.), resulting in a mixture of different taxa.
The origin of the third Larzac' water frog, P. perezi, is unclear. It may either involve illegal releases from presumably native southern populations (e.g. loc. 27-28) and/or natural expansion northwards. Yet, from our samples, the presence of P. perezi seems to also predate the recent demographic explosion, so its historical, cryptic persistence in Larzac cannot be excluded. In contrast with the two other expanding lineages, the high mtDNA diversity argues for a long-term demographic stability of P. perezi populations, and thus their legitimate occurrence in the area. Microsatellite gives a somehow conflicting signal, i.e. lower diversity of P. perezi compared to P. ridibundus and P. kurtmuelleri. However, this might be because our loci were originally developed from the P. ridibundus species complex: microsatellite diversity is known to severally drop when reused in congeneric species, proportionally to their genetic distance 35 . In any case, the contemporary situation of P. perezi in Larzac rather seems precarious compared to the other expanding species, which may actually replace it in the area (see below).
After years of scarce records, the sudden colonization of Larzac by water frogs is puzzling. These range expansions may testify that introduced lineages are more adapted to the dry conditions of Larzac (i.e. the Greek/ Albanian P. kurtmuelleri), and/or be a response to climate change. Temperature, evapotranspiration and aridity indices rapidly increased in the last three decades over southern France, leading to a northward extension of the Mediterranean climate (by 1 to 2.5°N; 36 ). As ectotherms, amphibians are highly sensitive to thermal and hydric environmental modifications 37 . Detailed ecological surveys combined with niche modelling analyses, would help testing the role of climate change in these water frog invasions, and especially understand whether the natural range of P. perezi extended northward. In parallel, the numerous suitable waterbodies in the area 38 along with the strong dispersal capability of water frogs 39 likely triggered the rapid colonization. This high connectivity is also illustrated by low genetic differentiation among the populations of each taxon. Hence, we predict that P. ridibundus (expanding southeastward) will soon meet P. kurtmuelleri (expanding westward) in the center of our study Fig. 2 ). Arrows highlight the two individuals identified P. kurtmuelleri × P. perezi hybrids from STRUCTURE, which may represent a new klepton. area (between loc. 12 and 13). These two species being known for their distinctive advertisement calls 28 , future monitoring of the invasions should include bioacoustic protocols, providing a cheap and reliable alternative to genetic tools in this case.
Hybrization between Larzac water frogs.
Our genetic survey provides valuable insights on the hybridizability and especially hybridogenetic potential of alien water frogs. This aspect is not-well documented in the Pelophylax literature and so far only three systems were identified (P. kl. esculentus, P. kl. grafi, P. kl. hispanicus; 16 ). Hybridization mechanisms are crucial to consider in the context of biological invasions, as they may induce genetic pollution (through introgressive hybridization) or cause the elimination of parental germlines (through hybridogenesis), in both cases eventually leading to the complete replacement of local taxa (e.g refs 8, 19 and 20) . Importantly, effects and potential for hybridogenesis were shown to vary geographically, depending on the system and origin of the invaders 16, 40 ; it thus deserves special attention in new invasion cases.
We found evidence for hybridization with genetic introgression between the alien P. ridibundus and P. kurtmuelleri. Several individuals feature intermediate admixture proportions at nuclear markers (Fig. 2B) , while other show symmetric cyto-nuclear discordance (P. ridibundus carrying P. kurtmuelleri mtDNA and vice-versa), indicative of backcrossing. This indicates that the two marsh frog species P. ridibundus and P. kurtmuelleri are able to successfully mate, which is not surprising given their young evolutionary history (~1.8 My 14 ). In amphibians, reproductive isolation in the wild is usually reached at Pleistocene divergences, although this depends on radiations (3-5 My 41, 42 ,) and the time since contact 43 . Introgressive hybridization was also reported between the invasive P. ridibundus and P. bedriagae in Belgium 29 , despite four million years of independent evolution 14 .
In parallel, two observations are in line with a potential novel hybridogenetic system between P. perezi and P. kurtmuelleri, which would then form a new klepton. First, two individuals were identified as P. perezi × P. kurtmuelleri hybrids with F1-like admixture proportions, consistent with this new klepton (loc. 1 and 28, Fig. 2B ). Second, many P. kurtmuelleri individuals carried P. perezi's mtDNA (loc. 23, 28) . Such asymmetric cyto-nuclear discordance is a known echo of hybridogenetic dynamics 44 ; in our case, it can only result from the backcrossing of female hybrids (from P. perezi mothers) by P. kurtmuelleri males, thus restoring two copies of the nuclear P. kurtmuelleri genome while maintaining the maternally-transmitted P. perezi mtDNA. The fact that we did not find the reverse pattern (P. perezi carrying P. kurtmuelleri mtDNA) is thus compatible with a hypothetical elimination of the P. perezi germline in hybrids, which would then only contribute gametes with the P. kurtmuelleri genome (Fig. 4) . This hypothetical mechanism, comparable to the P. kl. esculentus and P. kl grafi hybridogenetic complexes, would promote the replacement of P. perezi by P. kurtmuelleri, thus accounting for its striking invasion in southern France.
Pelophylax ridibundus, the sister species of P. kurtmuelleri, is known to hybridize with P. perezi to form the Graf 's frog (P. kl. grafi). It is thus legitimate to assume that P. kurtmuelleri could have the potential to form a similar hybridogenetic complex with P. perezi (Fig. 4) , which would also not be unexpected given the old origin of hybridogenesis in water frogs 15 . However, it contradicts previous studies which suggested that southeastern European marsh frogs do not reproduce in this mode 16 , which may then depend on the partner species involved. Further research is obviously needed to characterize this potential new system, notably to determine genome exclusion in the germinal cells of hybrids, and the effects on P. perezi populations. Given the possible interactions with a third hybridogenetic species, P. ridibundus, this system makes a remarkable natural laboratory for the understanding of these mechanisms. Especially, the opportunity for crosses between different types of potentially sympatric kleptons (P. kl. grafi, hypothetical P. kurtmuelleri × P. perezi kleptons, as well as kleptons featuring admixed P. ridibundus × P. kurtmuelleri genomes, see above) might provide novel insights regarding their occurrence and evolution.
It is surprising however, that we failed to detect P. kl grafi, i.e. the klepton between P. perezi and P. ridibundus, among our samples; this taxon usually coexists with P. perezi in southern France 21 . We see several potential reasons for this absence/misdetection. First, we included only one area where the natural occurrence of P. kl grafi was confirmed, i.e. Lake Salagou (loc. [27] [28] . Micro-differences in breeding periods and habitat choice (resulting from habitat partitioning, as shown in that P. kl esculentus complex 45 and between P. perezi and P. kl grafi 21 ), along with yearly fluctuations in relative frequencies may all have contributed to an involuntary bias towards P. perezi in our sampling of Salagou. Second, in areas where marsh frogs have become invasive, it is not excluded that P. kl grafi has been replaced ecologically or genetically, in the same way as P. perezi. Cyto-nuclear discordance in P. kurtmuelleri individuals (carrying P. ridibundus mtDNA) could in fact stem from past hybridization with P. kl grafi.
Conservation applications. Our results have direct implications for the management of Pelophylax invaders. First, we demonstrate the necessity of molecular tools to detect these invasions. No morphometric criteria allowed to reliably discriminate between the Pelophylax species identified in southern France, as shown for the P. kl. esculentus complex 29, 46 . The significant morphological variations we reported between P. ridibundus and other lineages might be linked to heterogeneous environmental conditions rather than actual interspecific differences, given that this taxon is currently distributed over a separated part of the study area. This species is anyway known to be highly variable phenotypically 47 .
Second, our study emphasizes the need for early detection of these invasions. Here only a few years were sufficient for Pelophylax aliens to conquer large areas, even in arid environments. Amphibian invaders are often detected too late, and in the meanwhile had already established wide invasive ranges, impeding their efficient eradication and compromising native species (e.g. refs 12 and 23). The development of environmental DNA monitoring programs may contribute to the systematic early-detection of invaders in the future, providing a sufficiently exhaustive barcoding database 48 .
Third, we raise the flag on extremely frequent human translocations, both at the global and the regional scale, a central cause of the biological invasion problem 1, 2, 49 . Here alien lineages were found in every parts of the study area, co-existing in several localities, and even in supposedly non-affected neighboring populations (loc. 28). In addition to involuntary releases linked to international trade, amphibians are increasingly introduced for ornamental and culinary purposes in private ponds, without concern regarding their taxonomic nature and the ecological consequences. We recommend immediate conservation measures to limit such translocations, notably through a more stringent legislative policy on the matter, along with actions to raise awareness to the general public.
Fourth, this situation demonstrates the outstanding hybridizing potential of Pelophylax. Here, it could form a new, artificial, hybridogenetic complex between the Balkan's and Perez's frogs, eventually driving the local extinction of the latter. While this issue deserves further investigations, it can be paralleled with other hybridogenetic systems formed in invasive contexts (e.g. P. kl esculentus in Western Europe, P. kl hispanicus-like in Switzerland, P. kl grafi in southern France). Importantly, it alarms on the risk posed by P. kurtmuelleri on native green frogs throughout Europe (here, P. perezi).
In respect to these points, we recommend the eradication of identified alien populations. Immediate actions should be taken to prevent the ongoing colonization of Pelophylax to extend outside the plateau. Such measure seems conceivable due to the remote geographic situation of Larzac. However, it might be more complicated in the well-connected lowlands, where amphibian communities are already a mixture of native and exotic species 32 . The management of hybridizing, morphologically similar species like water frogs are particularly problematic in areas of long-term occurrence, since native populations may have been secretly replaced by invasive taxa without noticeable demographic changes.
Methods
Sample collection. A total of 139 water frogs from 28 localities were captured with dip-nets during several breeding seasons (spring-summer 2006-2015) throughout the study area, which encompasses the Larzac Plateau (loc. , the valley of the Hérault River in the southeast (loc. [23] [24] [25] [26] and Lake Salagou in the southwest (loc. [27] [28] . In addition, we further included samples from the natural ranges of P. kurtmuelleri (n = 5, from Albania) and P. perezi (n = 9 from different Spanish localities) to be used as reference in phylogenetic analyses, complementing published data (see below). Supplementary Table 1 provides detailed sampling information.
Most individuals were measured with a digital caliper and a ruler for snout-ventral length (SVL), tibia length (LTi), toe length (LTo), and for the metatarsal tubercle length (LMT) and height (HMT). Tissues samples for DNA analyses were obtained by toe clipping, and preserved in 96% ethanol at 4 °C. Procedures were approved by the local and national ethics committees for animal experiments (DREAL Languedoc-Roussillon and Conseil National de la Conservation de la Nature) and performed in accordance with their guidelines and regulations. Molecular labwork. DNA was extracted using the Qiagen Biospring robotic workstation. We sequenced the mitochondrial cytochrome-b (975 bp) in 102 individuals (n = 88 from the study area and 14 from natural ranges), using published primers (cytb_60 F and cytb_60 R from 50 ) and methods 12 .
We genotyped all individuals from the study area for eight polymorphic microsatellites in water frogs (Rica5, Rica1b5, Rica1b6, Re1Caga10, ReGa1a23, Rrid013A, Rrid059A, and Res16). These loci have the power to distinguish species from the P. kl. esculentus complex as well as to discriminate other exotic taxa 29 . These were amplified in two multiplex PCRs, diluted, and ran to an ABI3130 Genetic Analyzer, strictly following the protocols described in ref. 12 . We discarded a ninth marker (Rica18) used in ref. 12 from subsequent analyses, which was not amplifying in the Larzac's water frogs.
Genetic analyses. We combined our new sequences (n = 102) with published ones to build a maximum-likelihood phylogenetic tree of mitochondrial cyt-b haplotypes with PhyML 51 . We used a GTR + I + G model of sequence evolution (MrAIC 52 ,) and tested branch support by 1 000 bootstrap replicates. Published sequences correspond to all European Pelophylax spp. cyt-b haplotypes available on GenBank with a similar coverage (975 bp), and include P. bedriagae, P. bergeri, P. cretensis, P. cypriensis, P. epeiroticus, P. kurtmuelleri, P. lessonae, P. perezi, P. ridibundus and P. shqipericus (see Supplementary Table 1 for details). Pelophylax nigromaculatus was used as outgroup. Mitochondrial diversity was assessed by computing haplotype (H d ) and nucleotide diversity (п) in DNASP 53 . Moreover, to ascertain species identification, especially between closely-related marsh frogs (see Results), we analyzed a shorter portion of cyt-b (514 bp) to include published sequences from previous phylogeographic work 14 that exhaustively covers the intraspecific diversity of these species.
Microsatellite genotypes were checked and corrected for null alleles using Micro-Checker 54 . We then performed several analyses of genetic structure. First, we used STRUCTURE 55 to cluster individuals into K groups, testing from K = 1 to 11. We computed ten replicate runs per K, each consisting of 100'000 iterations after 10'000 of burnin. The numbers of groups best-explaining the data were retained considering the average log-likelihood Pr(X│K) and the ΔK statistics 55, 56 , computed in STRUCTURE HARVESTER 57 . Their replicate runs were combined with CLUMPP 58 and graphically represented using DISTRUCT 59 . Second, we performed a Principal Component Analysis (PCA) on individual genotypes using the R packages adegenet and ade4. Third, we computed pairwise genetic distances (F st ) between populations with sufficient sample sites (n > 6) in Fstat 60 , pooling some proximate localities (distant by <500 m; loc. 4-5, 8-9 and 17-18) . We also estimated observed heterozygosity (H o ) for these populations, as well as for the identified taxa (see Results), considering only individuals confidently assigned to the corresponding nuclear cluster (STRUCTURE admixture proportion above 0.95). One marker (Rica5) was not considered in population-based analyses due to the high frequency of null alleles (see Results).
Morphometric analyses.
To test whether the identified taxa can be distinguished by morphometrics, we selected individuals with available measurements data that were confidently assigned to the corresponding nuclear cluster (see the end of last section), and at least 40 mm long (SVL). We also included the two individuals identified as P. perezi × P. kurtmuelleri hybrids, which might represent a new hybridogenetic taxon (see Results and Discussion). We considered four ratios of measurements usually tested as discriminants between sympatric species of Pelophylax frogs 30, 46 : toe length/metatarsal tubercle length (Lto/LMT), tibia length/metatarsal tubercle length (Lti/LMT), tibia length/metatarsal tubercle height (LTi/HMT), and snout-ventral length/metatarsal tubercle length (SVL/LMT).
We performed a PCA on these four variables (log-transformed) for the selected individuals using the R package ade4. In addition, we tested whether they significantly differ between taxa with Tuckey's HSD tests.
